Abstract. The basis premise of many radiological assessments is the assumption that the transfer of many radionuclides from soil to herbage and hence animal derived food products is a positive linear relationship for a given set of ecological conditions. However, a number of authors have published results, which they conclude demonstrate non-linear transfer of radiocaesium to plants and animals with transfer being highest when soil concentrations are lowest. Whilst we may expect non-linear transfer of radionuclides under homeostatic control or present in comparatively large chemical quantities, there appears no credible hypothesis to support such an observation for radiocaesium. In this paper we review those articles, which have reported non-linear radiocaesium transfer and also analyse novel data. We argue that saturation of Cs uptake as suggested by some other authors is unlikely. Sampling bias, statistical data distribution and countermeasure application are suggested as potential contributors. However, we have not been able to provide a conclusive reason for such observations. Given the important implications for foodchain modelling further consideration of available data is required to more comprehensively answer this question.
INTRODUCTION
The basis premise of many radiological assessments is the assumption that the transfer of many radionuclides from soil to herbage and hence animal derived food products is a positive linear relationship for a given set of ecological/agricultural conditions (e.g. [1] [2] [3] ). There are a number of radionuclides, which are either under homeostatic control (e.g. dietary Ca 2+ will determine 90 Sr transfer to milk etc. [4] ) or present in comparatively large chemical quantities [5] for which this is not the case. For radiocaesium, however, whilst the influence of factors such as soil solution K + concentration, soil pH, clay and organic matter content of soils is now acknowledged [6] , the assumption of linearity in transfer has generally been accepted. [7] During the course of analysing post-Chernobyl data describing 137 Cs to milk and potatoes from the former Soviet Union (fSU) the authors observed what appeared to be non-linear transfer from soil to milk and potatoes. Figure 1 Cs activity per unit area (Bq m -2 )) with increasing deposition. A review of the available literature showed that other authors had reported similar observations both within the fSU [e.g. [8] [9] [10] and Western Europe [e.g. [11] [12] [13] [14] . This has obvious implications for foodchain models and potentially countermeasure implementation.
In this paper we present an overview of previously reported observations of decreasing radiocaesium transfer with increasing soil radiocaesium. Possible reasons for these observations, as presented by the original authors, are discussed and an analysis of the data within Figure 1 
LITERATURE REVIEW

Former Soviet Union
A database (n=197) of 137 Cs activity concentrations in the milk of privately owned cows measured in Belarus in 1989 was analysed by Knatko et al. [8] . The authors reported a relationship between the 137 Cs activity concentration in milk and deposition, with decreasing transfer at higher deposition:
The authors suggested that the mechanism for their observation was saturation of 137 Cs uptake by plants. They concluded that: (i) it was unlikely that variation in soil contributed to this observation (circa 90% of observations were classified as coming from the same soil type); and (ii) any effect of countermeasures would be too random to produce the relationship. The same group later reported a similar phenomenon for the transfer of 137 Cs to potatoes with increasing deposition suggesting that foodchain models should be adapted to incorporate non-linear transfer [15] .
Konshin [9] presents a statistical evaluation of 137 Cs activity concentrations in grass in Belarus reporting a dependence of soil-to-grass transfer on soil 137 Cs activity concentrations. The author states that the results imply 137 Cs uptake by grass is more efficient at low soil concentrations and suggests saturation of soil to plant transfer.
An inverse relationship between average human whole body 137 Cs in a number of settlements and deposition has also been reported [10] . These authors noted a possible effect of countermeasure application but suggested this as unlikely. The authors concluded that spatial variation in soil sorption characteristics was the casual mechanism.
Western Europe
Two papers report decreasing 137 Cs transfer to vegetation with increasing soil contamination in Austria [12, 13] . The first of these [12] reported the following relationships for the concentration ratio (CR) of the 137 Cs activity concentration in wheat crops to the activity concentration in soil for wheat straw and grain: 
However, CR values were also correlated with soil percentage clay. The second reference [13] , which considered a range of crops, stated that the 137 Cs activity concentration in soil is the most important determinant of transfer to crops. Resuspension is suggested as a contributing factor, with the suggestion that the importance of Cs resuspension increases with decreasing deposition.
Phytoremediation trials on contaminated land at the Bradwell nuclear power station (UK) infer non-linearity in transfer of 137 Cs from soil to plant biomass; soil-plant concentration ratios decreased with increasing soil 137 Cs activity concentrations [11] . The authors suggest that their results indicate that the efficiency of phytoextraction will increase with successive harvests as soil 137 Cs reduces. The concentration ratio of 137 Cs from organic soils to Calluna vulgaris, Juncus squarrosus and Vaccinium spp. in Ireland and Sweden was reported to reduce with increasing soil concentration [14] . A lack of correlation between vegetation and soil 137 Cs activity concentrations in vegetation and soil of German and Italian alpine pastures has also been reported [16] .
COMPILATION AND ANALYSES OF MILK AND POTATO DATA FROM THE fSU
Data for the 137 Cs activity concentration in milk and corresponding soil samples in the fSU were obtained from reports of international programmes [17] [18] [19] [20] [21] and national monitoring programmes provided by collaborators as part of an assessment of radiocaesium fluxes and ingestion doses [see 22, 23] . A total of 142 Tag values were available for milk and 165 for potatoes for a wide geographical area of Russia, Ukraine and Belarus to a distance of circa 500 km from the Chernobyl plant. Some of the data entries were settlement means whilst others were individual values. Only data collected between 1991-93 were included in the database; the data showed no significant change in 137 Cs transfer to either milk or potatoes over this time period. The database included values from the Ukrainian Chernobyl exclusion zone and Belarusian villages, which were subsequently evacuated. As already noted, 137 Cs transfer to both of these foodstuffs appeared to decline with increasing soil contamination (Figure 1) with no relationship between the activity concentration in milk or potatoes and soil contamination (R 2 <0.1). The apparent relationships shown in Figure 1 being the result of a numerator, which does not change compared to a denominator, which increases by 3 orders of magnitude.
Transfer did not appear to be related to distance from the Chernobyl nuclear power plant (R 2 <0.01). Los et al. [24] have previously reported an increase in Cs transfer with distance from the Chernobyl plant thought to be due to differences in the nature of fallout and a gradual change in soil type with distance. However, when samples were categorised according to soil type [25] significant differences were apparent; soils with the highest percentage clay having the lowest transfer.
Data originating from within the Ukrainian Chernobyl exclusion zone showed the 137 Cs highest transfer to milk and potatoes. Data from settlements in Belarus subsequently evacuated exhibited the lowest transfer.
Whilst overall the data show the patters presented in Figure 1 , sub-sets of the database do demonstrate a linear increase in the 137 Cs activity concentration in milk/potatoes with increasing soil contamination (e.g. milk from the Stolin district of Belarus).
DISCUSSION
A number of the papers reviewed above have suggested (or inferred) that radiocaesium root uptake is saturated. This would appear to be highly unlikely as whilst saturation of root uptake of radiocaesium has been observed above 1.37 mg Cs + L -1 in growth solutions [26] , concentrations of Cs + in soil solutions are typically <10 µg L -1 [27] . Furthermore, 1 MBq m -2 of 137 Cs will add only 0.3 mg Cs + m -2 compared to typical concentrations of stable Cs in soils in the FSU of 21-31 g m -2 [28] . The total concentration of alkali metals (notably K + ) will also far exceed that of stable Cs. Our conclusion is in agreement with the findings of Nisbet & Woodman [7] who found that, whilst highly variable, the transfer of radiocaesium from soil to crops was independent of soil radiocaesium concentrations over a range of 5-orders of magnitude in soil concentration.
Considering the data presented within Figure 1 , we perhaps need to consider the purpose of its collection, which was to assess the intake of radiocaesium by populations in areas affected by the Chernobyl accident. Possibly some of the apparent pattern results from sampling strategies; for instance, is it unlikely that much sampling would be targeted at areas with low deposition and low transfer? Similarly it is unlikely that production of foodstuff continued in areas of especially high deposition and transfer.
Other authors have dismissed the potential contribution of countermeasure implementation [8] . However, as countermeasures were applied more intensively in areas of higher deposition they could contribute to the apparent lower 137 Cs transfer to foodstuffs with increasing soil contamination. This suggestion is supported by our observation that within the Chernobyl exclusion zone, where countermeasure application was unlikely, 137 Cs was higher to potatoes and milk than areas of Belarus from which the population was subsequently removed and where countermeasures had been applied [22] .
In general the distribution of radiocaesium deposition and transfer estimates from soil to vegetation within radioecological studies are log-normally distributed. Is it therefore less likely that sampling sites with both high deposition and high transfer will occur? Random sampling of 137 Cs deposition and plant to soil transfer values from databases of the transfer of radiocaesium from soil to vegetation in Cumbria (UK) [29] generates few high transfer-high deposition pairs (although we cannot replicate the patterns demonstrated in Figure 1 by such techniques).
CONCLUSION
A number of datasets demonstrate either a lack of relationship between the 137 Cs activity in crops/milk with soil contamination or a reduction in 137 Cs transfer with increasing soil contamination. This conflicts with the prerequisite that foodchain models are based upon, namely a positive linear relationship between soil and vegetation/animals, and conflicts with other findings [e.g . 7] .
We feel that one previously suggested mechanism for this saturation of soil-plant transfer is unsubstantiated. A number of factors may contribute to the observation including sampling bias and the statistical distribution of data. In data from areas of the fSU affected by the Chernobyl accident there is also a potential impact of countermeasures. The wide range of ecological conditions encompassed by data collected in an unstratified manner over large spatial areas may also contribute to a lack of observed relationship between soil and plant/animal activity concentrations.
Whilst we have argued against previously suggested mechanisms for observations such as that demonstrated in Figure 1 , and suggested other causal factors, we have not been able to provide a conclusive reason for such observations. Given the important implications for foodchain modelling further consideration of available data is required to more comprehensively answer this question.
